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Available online 14 March 2008The Pax3/7 gene family has a fundamental and conserved role during neural crest formation. In people, PAX3
mutation causes Waardenburg syndrome, and murine Pax3 is essential for pigment formation. However, it is
unclear exactly how Pax3 functions within the neural crest. Here we show that pax3 is expressed before other
pax3/7 members, including duplicated pax3b, pax7 and pax7b genes, early in zebraﬁsh neural crest
development. Knockdown of Pax3 protein by antisense morpholino oligonucleotides results in defective fate
speciﬁcation of xanthophores, with complete ablation in the trunk. Other pigment lineages are speciﬁed and
differentiate. As a consequence of xanthophore loss, expression of pax7, a marker of the xanthophore lineage,
is reduced in neural crest. Morpholino knockdown of Pax7 protein shows that Pax7 itself is dispensable for
xanthophore fate speciﬁcation, although yellow pigmentation is reduced. Loss of xanthophores after
reduction of Pax3 correlates with a delay in melanoblast differentiation followed by signiﬁcant increase in
melanophores, suggestive of a Pax3-driven fate switch within a chromatophore precursor or stem cell.
Analysis of other neural crest derivatives reveals that, in the absence of Pax3, the enteric nervous system is
ablated from its inception. Therefore, Pax3 in zebraﬁsh is required for speciﬁcation of two speciﬁc lineages of
neural crest, xanthophores and enteric neurons.
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The neural crest (NC) is a transient population of cells that gene-
rates a remarkably diverse range of cell types during development of
the vertebrate embryo (reviewed in Le Douarin et al., 2004). NC pro-
genitors are contained within the dorsal neural tube before under-
going an epithelial to mesenchymal transition to become pre-
migratory NC. These cells can migrate to various sites within the
embryo and differentiate into neurons and glia of the sensory,
autonomic and enteric branches of the peripheral nervous system,
craniofacial skeleton, connective tissue and pigment cells (reviewed in
LaBonne and Bronner-Fraser, 1999). It is thought that NC cells initially
constitute a multipotent population that is speciﬁed to distinct line-
ages through a process of fate restriction, characterised by distinct
gene expression (reviewed in Harris and Erickson, 2007). Some gene-
regulatory factors required for NC induction and speciﬁcation of
particular lineages are conserved across vertebrate species (reviewed
in Meulemans and Bronner-Fraser, 2004). However, adaptations of NC
between species provide an excellent model in which to study the
evolution of development.
The Pax3/7 sub-family of genes are expressed during gastrulation in
presumptive NC domains, and have essential roles in NC development.
The Pax3mutant mouse, Splotch, has dramatically reduced NC, leadinges).
lsevier Inc.to severe defects in all NC derivatives (Tremblay and Gruss, 1994). In
Splotch, fewer NC cells emigrate from the neural tube (Serbedzija and
McMahon, 1997). However, it is unclear exactly how Pax3 functions in
the NC (Li et al.,1999;Mansouri et al., 2001). Data from Xenopus suggest
that Pax3 is necessary for NC fate decisions in the neural plate border
and loss of Pax3 results in reduced NC markers during initial NC
determination (Hong and Saint-Jeannet, 2007; Monsoro-Burq et al.,
2005; Sato et al., 2005). Recent data from a basal vertebrate, lamprey,
has also demonstrated a critical role for a Pax3 homolog in NC form-
ation (Sauka-Spengler et al., 2007). Thus, Pax3 appears to have a con-
served and fundamental role during NC development.
Pax7 also has important roles during NC development. In chick,
Pax7 is required for speciﬁcation of all NC during gastrulation (Basch
et al., 2006). In mice, however, Pax7 is not expressed early and mice
mutant for Pax7 only have defects in cranial NC derivatives (Mansouri
et al., 1996). An ancestral role of Pax3 in NC is also suggested by data
from zebraﬁsh; Pax3mRNA is the earliest known marker of NC (Lewis
et al., 2004; Seo et al., 1998). However, the function of Pax3 during
formation of zebraﬁsh NC is unknown. Thus, it is likely that functions
within the Pax3/7 sub-family are distributed differently between
species (Meulemans and Bronner-Fraser, 2004).
The role of Pax3 during pigment development has beenwell studied.
In humans, the congenital pigmentation disorder, Waardenburg
syndrome type I, is caused by a mutation in PAX3 (Tassabehji et al.,
1992). Splotch mice have reduced pigmentation (Tremblay and Gruss,
1994). However, melanocyte precursors (melanoblasts) do form and
Table 1
Fraction of mismatched bases between pax3/7 MOs and genes
pax3 pax3b pax7 pax7b
pax3 MO 0/25 10/25 13/25 14/25
pax3 MO2 0/25 18/25 16/25 14/25
pax7 MO 12/25 8/25 0/25 8/25
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for Pax3 in expansion of melanoblasts (Hornyak et al., 2001).
Genetically, Pax3 directly regulates the melanogenic lineage genes
Mitf and TRP-1 (Galibert et al., 1999; Watanabe et al., 1998), and the
Pax3–Mitf network even functions in ascidian pigmentation suggesting
a highly conserved role for Pax3 during pigment formation (Yajima et
al., 2003). Interestingly, SOX10 enhances PAX3 regulation of MITF
(Bondurand et al., 2000; Potterf et al., 2000), and transcriptional
regulation ofmitfa by sox10 is essential for melanocyte development in
zebraﬁsh (Elworthy et al., 2003), suggesting that Pax3–Sox10–Mitf may
also cooperate in zebraﬁsh pigment development.
Zebraﬁsh generate three types of pigment cell (chromatophore):
xanthophores and iridophores in addition to melanocytes (called me-
lanophores in ﬁsh). Xanthophores confer a yellow colour due to the
presence of pteridine pigments (Odenthal et al.,1996), and iridophores
contain light-reﬂecting platelets (Kelsh et al., 1996). In zebraﬁsh, the
mechanism by which the different classes of chromatophores are
speciﬁed is complex, and has been suggested to involve a common
chromatoblast precursor (Bagnara et al., 1979; Kelsh et al., 1996).
Zebraﬁsh mutants exist that ablate all pigment cell types. However,
other mutants affect only one class of chromatophore, indicating dis-
tinct genetic regulation of chromatophore types (Kelsh et al., 1996;
Odenthal et al., 1996). Melanophores are formed early and migrate
ventrally from the dorsal neural tube region along two pathways:
medial and lateral to the somite. In contrast, xanthophores differ-
entiate later from cells that migrate on the lateral pathway (Odenthal
et al., 1996; Parichy et al., 2000).
Here we examine the function of pax3 during formation of
zebraﬁsh NC. We show that of the four pax3/7 genes expressed in
NC cells, pax3mRNA accumulates ﬁrst in NC progenitors and is down-
regulated in migrating NC, suggestive of an early role in NC
development. Knocking down Pax3 protein led to defects in speciﬁc
NC cell populations: xanthophores and enteric neurons were ablated
from the trunk, whereas other NC derivatives differentiated relatively
normally. Loss of pax3 function led to reduction in pax7 expression in
pre-migratory and migrating xanthoblasts, consistent with loss of the
xanthophore lineage. Knockdown of Pax7 alone did not ablate
xanthophore lineage cells, but diminished xanthophore pigmentation,
demonstrating sequential roles for Pax3 and then Pax7 during
xanthophore development. The expression of a second pax7 gene,
pax7b, in xanthophores raises the possibility of functional redundancy
between pax7 and pax7b. Knockdown of Pax3, and loss of xantho-
phores, resulted in increased melanophores, providing further
evidence for the long-sought common chromatoblast precursor.
Materials and methods
Zebraﬁsh lines and maintenance
Transgenic lines Tg(-4.9sox10:eGFP)ba2 (Carney et al., 2006), and Tg(-8.4neurog1:
nRFP)sb3 (Blader et al., 2003) were crossed onto a King’s wild type background and
staging and husbandry were as described previously (Westerﬁeld, 1995).
Embryo manipulations
Morpholino (MO; Gene Tools, USA; 1 nl with 0.1% phenol red as tracer) or water
control was injected into 1–2 cell stage embryos as previously described (Westerﬁeld,
1995). MOs used were pax3 MO: 4 ng 5′-CTAATGCGGTCATATCTCCTCTGCA-3′; pax3
MO2: 4 ng 5′-AAAGGATGCACGAAGCACTTGATAG-3′ and pax7MO: 4 ng 5′-TTCCTGGTAA-
AGTAGCCATTCCAGC-3′. EachMOhad greater than 8mismatches to all othermembers of
the zebraﬁsh pax3/7 family (Table 1). pax3-BAC DNA injection was identical with 1 nl
(70 pg) of CH211-20F20 (BACPAC Resources, USA). The pax3-BAC contains the complete
pax3 gene and also the acsl3 gene (long-chain-fatty-acid-CoA-ligase-C) (Acc. No.
NC_007113.2). No overt morphological defects were observed in BAC-injected embryos
that could be attributed to gene dosage effects of either gene.
In situ mRNA hybridisation, immunohistochemistry and Western blots
Embryos were treated with 0.003% 1-phenyl-2-thiourea (PTU, Sigma) to reduce
melanin formation. In situ mRNA hybridisation was performed as previously described
(Coutelle et al., 2001; Hammond et al., 2007). Digoxigenin-labeled probes used for insitu mRNA hybridisation were pax3 and pax7 (Hammond et al., 2007; Seo et al., 1998),
sox10 (Dutton et al., 2001), xdh, csf1r (formerly known as fms) and gch (Parichy et al.,
2000), dct (Kelsh et al., 2000b), foxd3 (Kelsh et al., 2000a) and mitfa (Lister et al., 1999).
A pax3b plasmid was the kind gift of Dave Raible (University of Washington, USA), a
724 bp pax3b probe was made via a PCR product containing the consensus T7 promoter
sequence allowing synthesis of a riboprobe for in situ mRNA hybridisation (sense: 5′-
GGAGCCATCGGCGGGACTAAAT. Antisense: 5′-TAATACGACTCACTATAGGGAGAGCGCTC-
GAAAGCTCTTTCCA). The resulting pax3b probe had 72% identity to zebraﬁsh pax3. A
similar strategy was used to make a pax7b probe. An EST clone (EB775328) containing
the full length pax7b cDNA was obtained and a 569 bp probe with 80% identity to
zebraﬁsh pax7 was made via PCR (sense: 5′-TGCCCACTCTACCAACATACCA. Antisense:
5′-TAATACGACTCACTATAGGGCTCTCCCAGCTTCATCCTTCTCT). Immunohistochemistry
was performed as previously described (Blagden et al., 1997; Hammond et al., 2007).
Primary antibodies used were Pax3/7 (DP312, Davis et al., 2005; Hammond et al., 2007,
1:50), monoclonal anti-chicken Pax7 (Kawakami et al., 1997, 1:5), rabbit anti-eGFP
(Molecular Probes; 1:500), anti-HuC (Molecular Probes; 1:500) and mouse zn-12 (ZIRC,
1:250). Secondary antibodies used were either HRP-conjugated (Vector) or Alexa-
conjugated (Molecular Probes, 1:1000) and specimens were mounted in Citiﬂuor
mountant (Agar) for imaging. Western blots were performed as described previously
(Hammond et al., 2007). Molecular weights of Pax3/7 proteins were predicted using the
Compute pI/Mw tool (http://www.expasy.ch/tools/pi_tool.html).
Imaging
Confocal images were taken on a Zeiss LSM510 confocal microscope and images
were processed using Zeiss LSM 5 Image Browser and Adobe Photoshop software. For
live imaging, embryos were anaesthetised in MS222 for 5 min prior to imaging on a
Zeiss Axioplan2 compound microscrope. In order to visualise xanthophores, embryos
were reared in 0.001%methylene blue from the ﬁrst day of development as described in
(Le Guyader and Jesuthasan, 2002).
Neural crest cell counts
Melanised melanophores in the dorsal stripe, head and lateral stripe along the
entire length of the embryo were counted at 4 dpf and 6 dpf. To contract
melanophores, larvae were incubated in 10 mg/ml adrenalin (Sigma) for 10 min
prior to ﬁxing in 4% paraformaldehyde, as previously described (Mellgren and Johnson,
2004). Pax7+ and dct+ NC cells were counted after in situ hybridisation or
immunodetection. Individual Pax7+ NC cells were clearly visible and categorised as
cephalic or trunk based on a gap in Pax7+ NC in the hindbrain region. Dct+ cells were
counted on one side of the trunk, including lateral stripe. Melanised melanophores in
the ventral stripe and dct+ cells in dorsal or ventral stripes were not counted because
individual cells could not be conﬁdently distinguished. Iridophores in dorsal and ventral
stripes were counted in anaesthetised live embryos at 6 dpf using darkﬁeld microscopy.
Quantiﬁcations are mean±S.E.M. Student’s t-test analysis was performed with Graphpad
Prism statistical software.
Sequence alignments and phylogenetic reconstructions
Amino acid sequences were obtained from BLAST searches against GenBank (protein
database) or the current genome assemblies at Ensembl (http://www.ensembl.org) of
human (NCBI 360), mouse (NCBI m36), chicken (WASHUC2), frog (JGI 4.1), stickleback
(BROAD S1), medaka (HdrR), fugu (FUGU 4), Tetraodon (TETRAODON 7) and zebraﬁsh
(Zv7). Usually the zebraﬁsh gene was used as query sequence. The following sequences
were used: D. melanogaster (DM) gooseberry (Gsb): NP_523863; DM gooseberry-neuro
(Gsb-n): NP_523862; H. sapiens (HS) PAX3 (isoform e): NP_852124; HS PAX7 (isoform b):
DQ322591; M. musculus (MM) Pax3: NP_032807; MM Pax7: NP_035169; G. gallus (GG)
Pax3: NP_989600; GG Pax7: NP_990396; X. tropicalis (XT) Pax3: CAJ82363; XT Pax7:
NP_001088995; G. aculeatus (GA) Pax3: ENSGACG00000014017; GA Pax7: ENSGAC-
G00000012890; GA Pax7 (2/2): ENSGACG00000001703; O. latipes (OL) Pax3: ENSORL-
G00000015932; OL Pax3b: ENSORLG00000009031; OL Pax7: ENSORLG00000004269; T.
rubripes (TR) Pax3: SINFRUG00000132501; TR Pax3b: SINFRUG00000161042; TR Pax7:
SINFRUG00000129602; T. nigroviridis (TN) Pax3: GSTENG00028437001; TN Pax3b:
GSTENG00026741001; TN Pax7: GSTENG00027574001;D. rerio (DR) Pax3: AAC41253; DR
Pax3b: ENSDARG00000028348; DR Pax7: AAC41255; DR Pax7b: ENSDARG00000070818.
Amino acids sequences were aligned using ClustalX (v1.81) (Chenna et al., 2003) and
analysed using GeneDoc (Nicholas et al., 1997). Intron/exon boundaries were predicted
from ESTs and Ensembl predictions. Only sequences with equivalent exon structure were
aligned. Bayesian phylogenies were inferred using the Monte CarloMarkov chainmethod
(four chains for 10,000 generations) as implemented by the program MrBayes (v3.1.2)
(Ronquist and Huelsenbeck, 2003). Neighbour-joining (Swofford, 2000) and maximum-
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taxonomy.zoology.gla.ac.uk/rod/treeview.html) was used to visualise trees.
Results
Pax3 is expressed in neural crest precursors
Pax3 mRNA is ﬁrst detected in presumptive NC at the end of gas-
trulation and is the earliest known marker of zebraﬁsh NC (Hammond
et al., 2007; Lewis et al., 2004). Pax3 expression is maintained during
early somitogenesis (Fig. 1A) and at the 7 somite stage (7 s), pax3mRNA is expressed in cranial NC, dorsolateral neural plate and in
bilateral stripes within the developing spinal cord (Fig. 1B; Hammond
et al., 2007; Lewis et al., 2004; Seo et al., 1998). By 7 s, the pax3b gene
has also initiated expression in similar cranial regions, but is not
detected as early as pax3 or in neural precursors in the posterior trunk
(Fig. 1C and data not shown). Similarly, pax7mRNA is only detected in
the midbrain (Fig. 1D). An antibody against the Pax3/7 protein family
reacts with nuclei in all regions where pax3/7 mRNAs are detected,
including the posterior trunk NC precursors, which only express pax3
mRNA (Fig. 1E). Pax3/7 immunoreactivity in trunk NC precursors
reﬂects Pax3 protein, because immunoreactivity is eliminated in em-
bryos injected with either of two non-overlapping antisense morpho-
lino oligonucleotides (MOs) speciﬁc to pax3 (Figs. 1E, F; pax3MO, 88%,
n=34; pax3 MO2, 87%, n=30). In parallel, Western analysis reveals a
reduction in a 55 kDa band at the right size for Pax3 protein (Fig. 1G).
Tissue immunoreactivity is reduced but still detected in cranial NC and
brain regions expressing pax3b and pax7 in addition to pax3, showing
speciﬁcity of the pax3MOs (Fig. 1F). We next conﬁrmed that injection
of a BAC containing the pax3 gene results in strong mosaic accumula-
tion of both pax3mRNA and Pax3/7 immunoreactivity in regions that
normally express pax3, including the future NC (Figs. 1H–K). That Pax3
protein is in NC precursors is conﬁrmed by co-localisation with foxd3
mRNA (Figs. 1L–Q; Lewis et al., 2004). Thus, Pax3 is present in the
nuclei of NC precursors in cranial regions and within the neural plate.
Throughout subsequent NC development, pax3 RNA is most abun-
dantly expressed in the dorsal portion of the CNS along the entire
rostrocaudal axis, although it is also weakly detectable in the somites
(Figs. 1U, V, X; Hammond et al., 2007; Seo et al., 1998). Pax3bmRNA is
weakly detected in a more restricted region of dorsal neural tube and
also on the lateral somite surface, possibly in dermomyotome (Figs.1Z–Fig. 1. Pax3/7 expression in neural crest. In situ hybridisation for pax3 (A, B, H, I, Q–Y),
pax3b (C, Z–E′), pax7 (D), foxd3 (L–P) and immunodetection of Pax3/7 by DP312 (E, F, J–P
brown). Dorsal ﬂat mounts (A–F, H–N, R, S, Z) have anterior to top. Lateral ﬂat mount (U,
D′) have dorsal up and anterior to left. Transverse cryosections (O–Q, T, V–Y, A′–C′, E′)
have dorsal up. (A) At 3 s, pax3 is expressed in delaminated cranial NC (black arrow),
lateral neural plate (black arrowhead) and the dorsal CNS, corresponding to posterior
diencephalon/midbrain and rhombomeres 2/4 (white arrows; Seo et al., 1998). (B–D) At
7 s, pax3 mRNA is still detected in cranial NC (black arrows), neural plate (black
arrowhead), rhombomeres (white arrowheads), dorsal brain regions (white arrows)
and somites (black asterisk). Pax3b and pax3 mRNAs coincide in cranial NC (black
arrow), rhombomeres 2/4 (white arrows) and dorsal brain (white arrows), but not in
trunk NC. Pax7 mRNA is only expressed in the midbrain at 7 s (D, white arrow). (E, F)
Pax3/7 immunoreactivity (DP312) corresponds to regions of pax3, pax3b and pax7
expression in wild type (E, compare to panels B–D). Pax3 MO injection ablated DP312
immunoreaction where pax3 mRNA does not overlap with expression of other pax3/7
genes (F, compare to black arrowhead in panel B), and reduced immunoreaction in
cranial regions (arrows) and rhombomeres 2/4 (white arrowheads). (G) Western blot
showing reduction in DP312 immunoreactivity in pax3MO-injected embryos at 24 hpf,
whereas tubulin loading control is unaltered. Zebraﬁsh Pax3 and Pax7 have predicted
Mr 55.7 kDa, Pax3b 53.3 kDa and Pax7b 56.3 kDa. The band at 37 kDa could represent
alternate pax3/7 isoforms or degradation products. Note that the control lane is
reprinted from Hammond et al. (2007). (H–K) Injection of a BAC containing pax3 (pax3-
BAC, map above right) to wild type embryos results in mosaic over-expression of pax3
mRNA (I, black arrows) and protein (K, black arrows) in endogenous pax3 locations,
demonstrating that DP312 recognises zebraﬁsh Pax3. Note the lack of extra
immunoreactivity in eye ﬁelds, in which DP312 reacts with Rx proteins (white asterisk;
Davis et al., 2005; Pujic andMalicki, 2001). (L–Q) Foxd3mRNA, a NCmarker, co-localises
around nuclear DP312 immunoreactivity (L–P). High magniﬁcation images of DP312
from black boxes in panel L in cranial NC cells (M, white arrows) and also neural crest
precursors in the trunk lateral neural plate (N, black arrows). Pax3/7+ cells lacking foxd3
mRNA are also present in dorsal neural plate in cranial and trunk regions (M, N,
respectively; black arrowheads). Transverse cryosections reveal that foxd3 mRNA (O, P,
arrows) is located in the lateralmost region of highest pax3 mRNA (Q, arrow)
accumulation in the neural plate, and in underlying delaminated NC cells. (R–T)
Expression of pax3 outside the neural tube in putative ophthalmic lobe of trigeminal
ganglion at 25 hpf (R–T; black arrows; white dashed line shows CNS boundary in panel
S; MB midbrian, r1 rhombomere 1). (U–Y) In trunk (V, W) and tail (X, Y) regions, pax3 is
expressed in the dorsal neural tube (black arrows) and lateral somite (white arrows).
Note the lack of strong punctate pax3 expression in migrating NC cells. Black dashed
lines show neural tube boundary. NC=notochord. (Z–E′) Pax3b mRNA is detected in
dorsal neural tissue in head (Z–C′: arrows, neural laminae; arrowheads, NC) and trunk
(D′, E′: arrows, neural tube; arrowheads, superﬁcial somite region).
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precursors and pre-migratory NC all along the dorsal neural tube,
neither mRNA shows the punctuate pattern characteristic of NC mar-
kers on NC migration pathways, suggesting pax3 and pax3b are down-
regulated as trunk NCmigrates (Figs. 1U, V, X, D′, E′). Pax3mRNA does,
however, persist in clusters of cells at the mid-hindbrain boundary,
possibly corresponding to placode-derived cells of the ophthalmic lobe
of the trigeminal ganglion (Figs.1R–T; Stark et al., 1997). Thus, the data
suggest that pax3 in NC functions at an early stage and is down-
regulated as migration commences.
Pax3 is required for xanthophore formation
To analyse Pax3 function, we examined development of embryos
injected with either pax3 MO or MO2 (hereafter referred to as pax3
morphants). At 5 days, pax3 morphants have a marked reduction in
the trunk of yellow pigment normally produced in xanthophores (Figs.
2A–D; pax3MO, 92%, n=50; pax3MO2; 90%, n=42). Somexanthophore
pigmentation remains in the head, but is also reduced (Fig. 2B). Inwild
type embryos, methylene blue speciﬁcally labels the pterinosome
pigment organelles of terminally differentiated xanthophores, reveal-
ing their stellate shape (Fig. 2E; Le Guyader and Jesuthasan, 2002). InFig. 2. Pax3 knockdown blocks terminal differentiation of trunk xanthophores whilst other pi
zebraﬁsh larvae showing yellow xanthophore pigmentation in brightﬁeld images (A–D),
iridophores (I, J). Lateral views (A–F, I, J) are anterior to left and dorsal to top. Dorsal view
xanthophore pigmentation is visible on the dorsal head and trunk (arrowheads). Embry
xanthophore pigmentation is visible in the trunk and is reduced in the dorsal head (B, arrowh
D, arrows). (E–H) At 5 dpf, blue pterinosomes (arrowheads) coincidewith xanthophore locati
and above the eye in the head (G, white arrowhead). In pax3morphants, pterinosome stain i
iridophore pigment cells (white arrows) have begun to differentiate and are located at th
iridophores a yellow tint. In pax3morphants, iridophores differentiate in both dorsal and ven
of methylene blue-stained xanthophore phenotype in trunk is dependent on dose of pax3M
absence in most of the trunk (severely reduced). Number of embryos analysed (n) are givenpax3 morphants, staining of xanthophores by methylene blue reveals
a dose-dependent severe reduction in the trunk and also depletion in
the head (Figs. 2F, H, K; pax3 MO, 91%, n=79; pax3 MO2, 87%, n=184).
In contrast to xanthophores, black pigment-containing melanophores
are present and correctly positioned (Figs. 2A–J) and iridophore form-
ation appears grossly normal (Figs. 2I, J; controls 11.3±5.8, n=15; pax3
MO-injected 9.7±5.3, n=7). Therefore, Pax3 is required for xantho-
phore terminal differentiation to produce pterinosome organelles and
yellow pigment.
Pax3 morphants have a defect in xanthophore fate speciﬁcation
To analyse at which stage of xanthophore development Pax3 is
required, expression of xanthophore markers was examined in pax3
morphants. Loss of four markers shows that xanthoblasts are absent
(Fig. 3). Xanthine dehydrogenase (xdh) catalyses the synthesis of the
pteridine xanthopterin and is expressed during differentiation of xan-
thophores (Parichy et al., 2000). At 24 hpf, xdh is expressed in indi-
vidual NC cells in cranial regions and both pre-migratory and laterally
migrating NC cells in the trunk (Figs. 3A, C). By 48 hpf, xdh expression
covers the trunk of wild type zebraﬁsh larvae (Parichy et al., 2000 and
data not shown). In pax3 morphants, expression of xdh is essentiallygment cell types differentiate. Live control (A, C, E, G, I) or pax3MO-injected (B, D, F, H, J)
stained with methylene blue to reveal pterinosomes (E–H) or in darkﬁeld to reveal
s of head region (G, H) are anterior to left and lateral to top. (A–D) At 5 dpf, yellow
onic melanophores are arranged in stripes (arrows). In pax3 morphants, no yellow
ead), whereas embryonic melanophore stripes are still present and located correctly (B,
ons in dorsal and posterior regions overlying epaxial and hypaxial somite in the trunk (E)
s absent from the trunk (F) and reduced in the head (H, arrowhead). (I, J) At 6 dpf, shiny
e dorsal and ventral larval melanophore stripes (I). Overlying xanthophores give the
tral positions but appear white due to the lack of overlying xanthophores (J). (K) Severity
O. Overall reduction in trunk xanthophores (reduced) was distinguished from complete
above columns.
Fig. 3. Pax3morphants have a defect at early stages of xanthophore development. Control (A, C, E, G, I, K, M, O, Q, S, U,W) and pax3MO-injected (B, D, F, H, J, L, N, P, R, T, V, X) 1-day-old
zebraﬁsh embryos analysed by in situ mRNA hybridisation for xdh (A–D), csf1r (E–H),mitfa (I, J), gch (K–N) or pax7 (Q–T) or by immunodetection for Pax3/7 with DP312 (O, P) or anti-
Pax7 (U–Y). Lateral views anterior to left. Insets show dorsal views of the head region. (A–D) Pax3MO essentially ablates xdhmRNA in trunk (arrows), but reduced expression persists
in the head (arrowheads). (E–H) Csf1rmRNA is undetectable in pax3morphant trunk. Although residual expression is present in pax3morphant head, it appears differently localised
compared to xdh (white arrowheads). (I, J) In control embryos, expression of the chromatophore markermitfa shows the start of NC migration in anterior trunk. In pax3morphants,
mitfa expression is severely reduced, but less so than xdh and csf1r. (K–N) Gch mRNA is strongly depleted in trunk of pax3 morphants (arrows), but is still detectable in head
(arrowhead). (O, P) At 25 hpf, DP312 detects cells in the dermomyotome weakly (arrowheads) and pre-migratory NC cells intensely (arrows). In pax3 morphants, the strongly-
labelled NC cells are dramatically reduced, whereas dermomyotome signal remains. Note the co-localisation of Pax3/7 and Hoechst 33258 DNA stain in transverse cryosections of one
side of the trunk at right. (Q–T) At 25 hpf, pax7 mRNA is lost from trunk NC cells, but retained in dermomyotome and neural tube. (U–X) Immunodetection of Pax7 at 27 hpf
demonstrates that intensely labelled cells migrate in an anterior to posterior wave on the lateral surface of the somite, resembling NC. Pax7+ cells are severely reduced or absent in the
trunk of pax3 morphants, and mildly affected in head regions (insets). (Y) Counts of strongly Pax7+ NC cells quantify the difference in severity between head and trunk regions.
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the head that parallels the location and extent of loss of xanthophores
(Figs. 3A–D and data not shown; pax3 MO, 94%, n=70; pax3 MO2, 87%,
n=45). The zebraﬁsh csf1r receptor tyrosine kinase is expressed from
18 s in pre-migratory and migrating xanthoblasts and is required for
xanthoblast migration (Parichy et al., 2000). In pax3 morphants, csf1r
expression is missing even from pre-migratory cells, suggesting a
failure of xanthophore speciﬁcation rather than simply migration
failure (Figs. 3F, H; pax3 MO, 90%, n=32; pax3 MO2, 88%, n=40). The
transcription factor gene microphthalmia (mitfa) is expressed in both
melanoblasts and xanthoblasts, is absolutely required for melanoblast
formation and its loss causes a reduction in xanthophores (Lister et al.,
1999). Expression ofmitfa in pax3morphants is reduced but, consistentwith the presence of melanocytes, some mitfa+ NC cells are present at
24 hpf (Figs. 3I, J; pax3 MO, 71%, n=14; pax3 MO2, 88%, n=68). Notably,
mitfa is missing from migratory cells at this stage, suggesting that there
is a delay in melanophore migration or differentiation in pax3
morphants. GTP cyclohydrolase I (gch), is also expressed in chromato-
phore precursors (Pelletier et al., 2001). In pax3morphants, expression
of gch is ablated in trunk regions and greatly reduced, but not
completely absent, from the head at 24 hpf (Figs. 3K–N; pax3 MO,
93%, n=29). We conclude that knockdown of Pax3 blocks differentiation
of xanthophore precursors at an early stage, prior to their migration,
suggesting a role for Pax3 in xanthophore fate speciﬁcation.
At 25 hpf, when NC cells in anterior trunk regions are beginning
their migration on the lateral pathway, strong nuclear Pax3/7
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whereas weaker Pax3/7 staining is present in dorsal neural tube and
dermomyotome nuclei (Fig. 3O; Hammond et al., 2007). Pax3
morphants show a severe reduction of strong Pax3/7 immunoreac-
tivity from pre-migratory and migrating NC, with residual expression
in the somites and neural tube, presumably attributable to other
Pax3/7 proteins (Fig. 3P; pax3 MO, 87%, n=75; pax3 MO2, 93%, n=42).
In un-manipulated embryos, abundant pax7 mRNA and protein are
expressed in the location of pre-migratory NC cells and strongly Pax7-
labelled NC cells spread gradually over the lateral somite surface in
parallel with NC migration on the lateral pathway (Figs. 3Q, S, U, W;
Hammond et al., 2007). Furthermore, Pax7 is located in all strongly
Pax3/7-reactive NC cells, suggesting that Pax3/7 immunoreactivity inFig. 4. Pax7 is a marker of the xanthophore lineage. In situ mRNA hybridisation for pax7 (A, B
sox10:GFP (O–R). Dorsal ﬂat mounts (A–F, M–S, V) are anterior to top. Lateral ﬂat mount (H) is
top. (A–D) Pax7 mRNA is detected at 18 s in NC-like cells at the mid-hindbrain boundary (A
arrowheads). (E–L) By 25 hpf, pax7 mRNA is detected in pre-migratory (arrows) and laterall
magniﬁed J, K) and tail (L) regions. (M–R) Co-localisation of GFP from the sox10:egfp transgen
localisation in NC of pax7 (white arrowheads) and xdh but not dct (black arrowheads) mRNA
level of the forebrain (T, W) or hindbrain (U, X, Y), with the boxes in panels T, U, W and panmigrating NC arises from Pax7 (data not shown). Pax3 morphants
essentially lack NC cells containing pax7mRNA (pax3 MO, 78%, n=41)
or Pax7 protein (pax3 MO, 87%, n=54; pax3 MO2, 89%, n=66) in the
trunk at 25–27 hpf, whereas Pax7 immunoreactivity is still present in
a reduced number of strongly-labelled NC cells in the head, and
weakly in the dermomyotome (Figs. 3P, R, T, V, X). Counts of strongly
labelled Pax7+ NC cells conﬁrm their stronger depletion in trunk than
in head, even in embryos in which the MO was only partially effective
(Fig. 3Y; n=18 controls, n=19 pax3 MO injected embryos). The
reduction of Pax3/7 protein revealed byWestern analysis is consistent
with a requirement of Pax3 for the majority of Pax7 expression (Fig.
1G). Therefore, loss of Pax7 parallels failure of xanthophore fate
speciﬁcation., E–L, S–Y), xdh (S–U′) and dct (V–Y) and immunodetection of Pax7 (C, D, M, N, Q, R) and
anterior to left and dorsal to top. Transverse cryosections (G, I–L, T, U,W–Y) are dorsal to
, B; arrowheads), concomitant with Pax7 protein in cranial NC-like cells (C, D; brown,
y migrating (arrowheads) NC-like cells in head (E–G), trunk (H, shown in section I and
ic line with Pax7 protein demonstrates that Pax7marks NC cells (arrowheads). (S–Y) Co-
s demonstrates that pax7 is expressed in the xanthophore lineage. Cryosections at the
el X magniﬁed in panels T′, U′, W′ and panel X inset, respectively.
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The correlation of loss of Pax7 from NC cells with the absence of
xanthophores and xanthophore markers in pax3 morphants suggests
that, within NC, Pax7 is speciﬁcally expressed in the xanthophore
lineage. Until 15 s, pax7 is not expressed in dorsal neural regions of the
trunk (Hammond et al., 2007). Thereafter, pax7 is expressed in both
delaminated pre-migratory and migrating NC of the trunk and head
(Figs. 3Q, S and 4). Pax7 mRNA and protein ﬁrst appear in NC at the
mid-hindbrain boundary around 18 s (Figs. 4A–D). By 25 hpf, indi-
vidual cells outside the neural tube contain pax7 mRNA, and ex-
pressionwithin the neural tube is absent from the most dorsal regions
(Figs. 4E–G). The NC identity of migrating Pax7+ cells is conﬁrmed by
co-localisation of Pax7 with EGFP in the sox10:egfp transgenic line,
which labels both pre-migratory and migrating NC (Figs. 4M–R;
Carney et al., 2006). In trunk at 25 hpf, pre-migratory NC cells and
isolated cells on the lateral pathway contain abundant pax7 mRNA,
but this is not detected in NC cells following the medial migration
pathway, which have already reached the notochord at this stage (Figs.
4I–L). The restricted expression of pax7 to lateral pathway NC cells,
suggests these cells are distinct from melanophores, which also mig-
rate medially.Fig. 5. Xanthophore speciﬁcation occurs before accumulation of Pax7. Immunodetection of P
(D) or csf1r (E). Whole 20 s embryo ﬂatmounts with anterior to left show dorsal and lateral vie
are posterior trunk according to position of black boxes in panel B. (A) Graph showing posterio
the head (arrowhead) and in pre-migratory positions in the anterior trunk (black arrows in pa
extent of Pax7+ NC. (C–E) Dual stain for Pax7 and indicated mRNA showing anterior (C′, D′, E′
reveal fast red and its ﬂuorescence. (C) xdh is expressed together with Pax7 (arrows) in anter
anterior and posterior trunk. Some Pax7+ NC co-express mitfa in anterior trunk, others do n
melanoblasts (Lister et al., 1999; D″, arrowheads). Mitfa expression is lateral to the Pax7+ cel
anterior trunk (E′, arrows). However, the posteriormost Pax7+ NC are csf1r+ (E″, inset, whiteOnly pigment cell precursors are thought to follow the lateral
pathway in the trunk (Raible et al., 1992). We investigated, therefore,
whether markers of distinct NC pigment lineages are co-expressed
with pax7 (Figs. 4S–Y). Xdh is speciﬁcally expressed in xanthophore
precursors (Parichy et al., 2000). Pax7 mRNA is co-localised with xdh
in NC, showing that pax7+ cells are of the xanthophore lineage (Figs.
4S–U′). Furthermore, xdh+ and pax7+ NC cells are present in similar
numbers as they migrate on the lateral pathway in the trunk, sug-
gesting that all pax7+ NC are xanthoblasts (compare Figs. 3C, S and
data not shown). In contrast, the melanophore lineage marker dopa-
chrome tautomerase (dct; Kelsh et al., 2000b) does not co-localise with
pax7, demonstrating that melanoblasts are not pax7+ (Figs. 4V–Y). In
addition, among 112 melanised melanophores scored at 28 hpf none
were found to contain Pax7 protein (data not shown). Taken together,
these data show that pax7marks xanthoblasts migrating on the lateral
pathway.
Xanthophores are speciﬁed before Pax7 protein accumulates
To determine the sequence of events during xanthophore devel-
opment, temporal expression of xanthophore markers was examined
(Fig. 5). NC formation progresses from anterior to posterior, such thatax7 (brown, B–E) or in situ mRNA hybridisation (fast red ﬂuorescence) for xdh (C),mitfa
ws in head and trunk regions, respectively. Panels B′–E′ are anterior trunk, panels B″–E″
rmost extent of eachmarker in relation to embryonic stage. (B) Pax7+ NC are detected in
nel B′), but not in more posterior regions (B″). Brown arrow indicates the posteriormost
) and posterior (C″, D″, E″) trunk in brightﬁeld. The insets (C′–E′, C″–E″) are magniﬁed to
ior trunk, but alone in posterior trunk (C″ inset, white arrows). (D)mitfa is expressed in
ot (D′, arrows and arrowheads, respectively). mitfa is also expressed alone, probably in
ls in anterior trunk NC at this stage (D′). (E) csf1r mRNA is detected only in Pax7+ NC in
arrow).
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Weston,1993). At 20–25 s, Pax7+ NC are located in the head and in pre-
migratory positions in the trunk as far posteriorly as somites 4–9 (Figs.
5A, B). At the same stage, xdh is expressed as far as somite 18, where
Pax7 is not detected (Figs. 5A, C). Thus, the developmentally youngest
xanthoblasts express xdh without Pax7 (Fig. 5C). Where Pax7+ NC is
detected, in more mature xanthoblasts, it is co-expressed with xdh
(Fig. 5C). Expression ofmitfa is evident posteriorly as far as somite 12,
indicating thatmitfamRNA also accumulates before Pax7 (Figs. 5A, D).
Spatiotemporal expression of csf1r and Pax7 appear identical (Fig. 5E).
Pax7+ NC cells at all anteroposterior positions co-express csf1rmRNA,
which extends as far posterior as somite 9 (Figs. 5A, E). In conclusion,
xdh is expressed in the developmentally youngest identiﬁable cells of
the xanthophore lineage, whereas Pax7 and csf1r mRNAs accumulate
as xanthophore differentiation advances.
Pax7 morphants have reduced xanthophore pigmentation
The appearance of Pax7 after other xanthophore markers raised
the possibility that Pax7 functions at a distinct, and later, stage of
xanthophore development than Pax3. To test this hypothesis we
designed a morpholino against pax7. Pax7 morphants had substantial
knockdown of Pax7 protein (Figs. 6A, B; pax7 MO, 4 ng dose, 76%,
n=67). However, migrating NC containing reduced levels of Pax7 wereFig. 6. Xanthophore pigmentation is reduced after knockdown of Pax7. Immunodetection of
(P, Q) of larvae. Lateral ﬂatmounts are anterior to left and dorsal to top (A–F, H–Q) and dorsal ﬂ
migrating NC (arrows) and dermomyotome cells (arrowheads) at 26 hpf (A). Injection of a mo
reduced reactivity in brain (inset) and NC (B, arrows). (C–F) At 6 dpf, yellow xanthophore pigm
marked reduction in yellow pigmentation in both head and trunk regions (D, F). (G) Dose-de
reveals morphological defects in pterinosome-containing cells after pax7MO injection (I, arr
morphants (arrows). (N–Q) xdh (N, O) and pax7b (P, Q) mRNAs persist in pax7 morphant xaapparent (Fig. 6B). At 6 dpf, pax7 morphants had a dose-dependent
reduction of yellow pigmentation in both head and trunk (Figs. 6C–F,
G; pax7 MO, 4 ng dose, 66%, n=115). Although overall yellow pig-
mentation was reduced, low levels were visible at dorsal locations
suggesting a defect, but not an ablation, of xanthophores (Figs. 6E, F).
Indeed, staining with methylene blue revealed xanthophore cells
were present in equivalent number in pax7morphants and capable of
migration (Figs. 6H, I; pax7 MO, 4 ng dose, 100%, n=89). Interestingly,
pax7 morphant xanthophores had a contracted pterinosome disposi-
tion compared to the spread morphology of control xanthophores
(Figs. 6H, I). In pax7morphants expression of the xanthoblast markers
xdh (Figs. 6N, O; pax7 MO, 4 ng dose, 93%, n=97) and csf1r (data not
shown; pax7 MO, 4 ng dose, 91%, n=82) was readily detectable.
Melanophore and iridophore differentiation appeared unaffected in
pax7 morphants (Figs. 6J–M). In conclusion, pax7 morphants have
reduced yellow pigmentation; xanthophore speciﬁcation proceeds
normally, however, suggesting a later role for Pax7.
The duplicate pax7b gene is expressed in xanthophores
Even with high doses of pax7MO (up to 20 ng per embryo), it was
not possible to completely ablate Pax7 immunoreactivity in NC cells
(Fig. 6B and data not shown). One hypothesis for residual Pax7 im-
munoreactivity is the presence of a second pax7 gene in the zebraﬁshPax7 (A, B), live images (C–F, H–M) and in situ mRNA hybridisation for xdh (N, O), pax7b
atmounts of head are anterior to left (insets, A, B, N–Q). (A, B) Pax7 protein is detected in
rpholino speciﬁc to pax7 results in ablation of Pax7 in dermomyotome cells and severely
entation is present in the dorsal head and trunk (C, E; arrows). Pax7morphants, show a
pendency of reduction in yellow pigmentation in pax7morphants. (H, I) Methylene blue
owheads). (J–M) Dark ﬁeld images at 6 dpf reveal iridophores in both control and pax7
nthophore precursors (arrows).
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chromosome 23 in Zv7. A corresponding full length EST has 510 amino
acidswith 94% identity to zebraﬁsh Pax7 and exhibits highly conserved
exon boundaries (Supplementary Fig. 1B). Phylogenetic analysis
demonstrates that Pax7b groups with Pax7 rather than Pax3 genes
(Supplementary Fig. 1A) and synteny exists with the mammalian Pax7
loci, despite some re-arrangements (data not shown). Duplicate pax7
genes are also apparent in a variety of ﬁsh genomes, suggesting they
arose early in actinopterygian evolution (Supplementary Fig. 1A).
Therefore, phylogenetic sequence analysis indicates that pax7b is a
duplicated pax7.
To ascertain if a role in xanthophore developmentwas possible, the
expression pattern of pax7b was examined. Prior to 15 s, pax7b is
expressed in the brain and somites, but not in trunk NC precursors
(Supplementary Figs. 1C–F). At 25 hpf, however, pax7b mRNA is
detected in both pre-migratory and migrating cranial and trunk NC
(Supplementary Figs. 1G–K). Whereas pre-migratory NC cells retain
pax7 expression as they mature in anterior trunk, pax7b mRNA is
absent (Figs. 4H–J; Supplementary Figs. 1I–K). The dynamics and
number of pax7b+ NC cells suggest that pax7b is also expressed in
xanthoblasts. Co-localisation of xdh and pax7 mRNA demonstrates
pax7b is expressed in the xanthophore lineage (Supplementary Figs.
1L–Q). Furthermore, pax7b continues to be expressed in NC after
injection of pax7 MO (Figs. 6P,Q). In conclusion, pax7b is expressed in
the xanthophore lineage, which may account for the residual Pax7
immunoreactivity and mild yellow pigmentation defect in pax7
morphants.
Increase in melanophores correlates with reduction in xanthophores
after Pax3 knockdown
Interactions between different chromatophore lineages inﬂuence
pigment pattern formation (Maderspacher and Nüsslein-Volhard,
2003; Parichy and Turner, 2003). As pax3morphants have a reduction
in xanthophores, we examined the consequences for other chroma-
tophore lineages. Melanoblasts migrate both medially and laterally to
become distributed in four longitudinal stripes situated at the dorsal
and ventral extremes of the myotome, the horizontal myoseptum and
on the yolk by 48 hpf (Fig. 6E; Kelsh et al., 2000b). At 25 hpf, pax3
morphants have fewer dct+ melanoblasts than controls (Figs. 7A, B;
pax3 MO, 86% of embryos affected, n=56; in 14 control and 14 affected
morphant embryos, dct+ cells were reduced by 49%, p=0.0002). Mitfa
mRNA is also reduced (Figs. 3I, J). Interestingly, despite the overall
reduction inmitfa and dctmRNAs, more dct+ melanoblasts are located
in a pre-migratory position in pax3morphants, suggestive of a delay in
melanophore development, although small numbers migrate success-
fully (Figs. 7A, B). By 35 hpf, dct (Figs. 7C, D; pax3 MO2, 92%, n=142)
and mitfa (data not shown; pax3 MO, 89%, n=141) were relatively
more abundant dorsally in pax3 morphants. However, both dct and
mitfamRNAs are still reduced in more ventral trunk regions (Figs. 7C,
D and data not shown), suggesting a delay in melanophore migration.
By 48 hpf, pax3 morphant dct expression appears more widespread
than in controls, with many migrating dct+ cells still present between
dorsal and ventral stripes (Figs. 7E, F insets; 16.7±1.4 in controls, n=10;
and 29.1±1.3 in pax3 MO injected embryos, n=10; pb0.0001). Con-
gruently, in 48 hpf pax3 morphants, melanin-expressing cells form
aggregations in the dorsal stripe and are positioned in the trunk
between the lateral and ventral stripes at the centre of each somite,
consistent with dct expression (Figs. 7G, H; pax3MO, 83%, n=145). By
5 dpf, melanophore pattern appears to have resolved in pax3 mor-
phants (Figs. 7I, J; pax3 MO, 69% with wild-type patterns, n=102). In
conclusion, pax3morphants show an early reduction in melanophore
markers and a delay in migration, which subsequently resolves.
To determine if the altered melanophore migration reﬂects a
change in melanophore number, melanophores were analysed after
migration is complete (Figs. 7K–O). The number of melanophores inthe trunk dorsal stripe was signiﬁcantly increased in pax3morphants
at 4 dpf and 6 dpf (Figs. 7K, L, O and data not shown). Also, dorsal stripe
melanophores in pax3 morphants appeared smaller than in controls
(Figs. 7K, L). Interestingly, no melanophore increase was detected in
the head of pax3 morphants (Figs. 7M–O). To investigate the cor-
relation between xanthophore loss andmelanophore increase further,
pax3 morphants were categorised according to severity of the
xanthophore phenotype and melanophores quantiﬁed (Fig. 7P). Pax3
morphants with a more severe xanthophore phenotype had a larger
increase in melanophore number (Fig. 7P). Furthermore, pax7 mor-
phants, that retain xanthophores, have no change in melanophore
number (Fig. 7O). Overall, a reduction in xanthophores correlates with
an increase in melanophores after knockdown of Pax3.
Abnormal neural crest maintenance after Pax3 knockdown
As multiple chromatophore lineages are disrupted in pax3
morphants, we investigated whether foxd3 or sox10, more general
markers of NC lineages, were perturbed (Dutton et al., 2001; Lewis
et al., 2004; Odenthal and Nüsslein-Volhard, 1998). Injection of pax3
MO leads to loss of Pax3/7 immunoreactivity in the bilateral stripes of
the lateral neural plate and cranial NC, but fails to diminish either foxd3
(pax3 MO, 100%, n=57) or sox10 (pax3 MO, 100%, n=56) expression
prior to 18 s (Figs. 8A–F; Supplementary Figs. 2A–D). Thus, normal
levels of Pax3 are not required for initiation of earlymarker expression
within the NC.
At later stages of NC development, speciﬁc defects appear in NC of
pax3 morphants. At 25 hpf, sox10 expression in pre-migratory and
migrating trunk NC is severely disrupted in pax3 morphants. Dela-
minated cells expressing sox10 are detected adjacent to dorsal neural
tube and migrating on medial and lateral pathways in controls, but
few sox10-expressing cells are observed migrating on the medial
pathway in pax3 morphants (Figs. 8I, J; pax3 MO, 81%, n=44). Tran-
sient foxd3 expression in nascent NC remains unaltered (Figs. 8G, H;
pax3 MO, 89%, n=27). In summary, Pax3 is required for maintenance
of sox10 expression during later stages of NC development.
Pax3 is required for enteric nervous system formation
The disruption of sox10 expression in pax3 morphants led us to
investigate other NC derivatives, as sox10mutant ﬁsh have disruption
of numerous NC lineages (Dutton et al., 2001; Kelsh and Eisen, 2000).
Among the defects reported in sox10 mutant zebraﬁsh is mis-
positioning of NC-derived dorsal root ganglion (DRG) sensory neurons
(Kelsh and Eisen, 2000). Although, DRG neurons are present in equi-
valent numbers in pax3 morphants, they are often mis-positioned in
dorsal regions (Supplementary Figs. 2E–K). No defects in several other
cell populations arising from pax3-expressing dorsal neural tissue
were observed: trigeminal ganglia andmechanosensory Rohon–Beard
neurons were unaffected in pax3morphants (Supplementary Figs. 2L–
Z′; pax3 MO, 100%, n=54). However, analysis of pax3 morphants at
later stages revealed that sox10 mRNA is reduced at 36 hpf in enteric
neuronal precursors in the vagal region of the developing gut, whereas
otic placode and glial sox10 expression remains (Figs. 8K, L; pax3 MO,
86%, n=35). Subsequently, terminally differentiated enteric neurons
do not develop in the gut of pax3 morphants (Figs. 8M–P; pax3 MO,
74%, n=27). Examination of other NC-derived cell populations failed to
reveal defects. Sympathetic neurons are readily detected with HuC,
above the ventral melanophore stripe and tyrosine hydroxylase (data
not shown) and dopamine ß hydroxylase sympathetic neuronal
markers were unaltered in pax3 morphants (Supplementary Figs. 3B,
C). Continued foxd3 (Figs. 8G, H; pax3 MO, 100%, n=57) and sox10
expression in the lateral line of pax3 morphants suggested that glial
formation occurs (Figs. 8K, L; pax3 MO, 100%, n=57) and the cranial
ectomesenchymal NC marker dlx2a is also unaffected in pax3 mor-
phants (Supplementary Fig. 3A; pax3 MO, 100%, n=95). Thus, Pax3 is
Fig. 7.Delayedmelanophore origin then increase correlatewith xanthophore loss in pax3morphants. Embryos analysed by in situmRNA hybridisation for dct (A–F), live (G–J) or ﬁxed
(K–N) shownwith anterior to left. Wholemounts are shown in lateral (A, B, E–J; dorsal to top) or dorsal (K–N) view. Whole embryo ﬂatmounts (C, D) show dorsal and lateral views in
head and trunk regions, respectively. (A, B) At 25 hpf, dctmRNA is detected in pre-migratory (arrows) andmigratingmelanoblasts (arrowheads) in the head and trunk, and also in the
eye pigment epithelium. In pax3morphants, dct+ melanoblasts are reduced, but still able to migrate (B, arrowhead). (C, D) At 35 hpf, substantially more dct+ melanoblasts are situated
dorsally in pax3 MO2-injected embryos (arrows), but migrated dct+ melanoblasts are reduced (arrowheads). (E–H) At 48 hpf, dct mRNA is present in dorsal, lateral and ventral
stripes, and in single cells on yolk sac, matching the melanophore pattern (E, G red arrows). In pax3morphants, melanised and dct+ cells are more abundant between stripes on the
medial and lateral pathways (F, H arrowheads). (I, J) At 5 dpf in control embryos, four larval melanophore stripes are clearly deﬁned (I, red arrows) and the trunk has a yellow/green
cast due to xanthophore pigmentation (I, asterisk). In pax3morphants, the trunk is devoid of xanthophore pigmentation (J, asterisk), but the melanophore pattern is within normal
variation (J, red arrows). (K–N) Treatment of 6 dpf embryos with adrenalin causes melanophore contraction that permits cell counting. In trunk (K, L) but not head (M, N anterior to
red bar), pax3MO-injection increases melanophore number in the dorsal stripe. (O) Quantiﬁcation of melanophore number in pax3MO, pax3MO2 and pax7MO-injected embryos at
6 dpf. pax7morphants were categorised into normal yellow pigmentation (+YP) or reduced yellow pigmentation (−YP) groups. ***pb0.0001. (P) Correlation of melanophore increase
in pax3 morphants with loss of xanthophores. Pax3MO2-injected 8 dpf larvae were categorised by severity of methylene blue-stained xanthophore phenotype, and melanophores
counted. DS=dorsal stripe, LS= lateral stripe, H=head melanophores.
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developing gut and subsequent enteric nervous system development.
Discussion
In zebraﬁsh, Pax3 is required for differentiation of a subset of NC
cells: xanthophores and enteric neurons. Pax3 is expressed in NC
precursors, but is not detected in migrating NC cells. Pax7 and Pax7b
are expressed after other xanthoblast markers in maturing/migrating
xanthophore lineage cells. Expression of all xanthoblast markers,
including Pax7, is dependent on Pax3 function. We hypothesise thatPax3 acts at a precursor stage in NC development essential for proper
speciﬁcation of xanthophore and enteric neural precursor cells. Loss of
xanthophores after Pax3 knockdown leads to an increase in melano-
phores, suggesting Pax3may functionwithin amultipotent chromato-
blast precursor.
Pax3 is a xanthophore speciﬁcation factor
Pax3 is required for fate speciﬁcation of xanthophores, as com-
pared with other pigment cells. This is evident from the loss of all
known xanthophore markers, including Pax7 (see below), reﬂecting
Fig. 8. Pax3 is required for enteric nervous system development. In situ mRNA hybridisation analysis of foxd3 (A–D, G, H) and sox10 (E, F, I–L) and immunodetection of DP312 (A–F)
and HuC (M–P). Dorsal ﬂat mounts (A–F, I, J upper insets) are anterior to top. Lateral view whole mounts are anterior to top and dorsal to right (G–J) or anterior to left dorsal to top
(K, L). Transverse cryosections (G–J lower insets, M–P) are dorsal to top. (A–F) Injection of pax3MO depletes nuclear Pax3/7 immunoreaction at 3 s (B, D, F; arrows) in regions of pax3
mRNA expression, but leaves residual signal in regions of expression of pax3b, pax7 or Rx genes in the brain and eye (asterisks). Foxd3 expression in NC, tailbud and ﬂoorplate is
unaffected by Pax3 knockdown (A, B; cranial NC, boxes enlarged in panels C, D). Pax3 knockdown has no effect on sox10 expression in cranial NC and otic placode at this stage (E, F).
(G–J) At 25 hpf, foxd3 expression is restricted in NC to a cluster of nascent pre-migratory cells in the tail (G, H, arrows) and to lateral line primordium (G, H, arrowheads). Pax3 MO
injection has no effect on foxd3 expression in either location (H), but reduces sox10mRNA in pre–migratory crest and cells migrating on the medial pathway (I, J, white arrows), while
having little effect on expression in the head (I, J, black arrows). Signiﬁcant sox10mRNA in nascent crest (I, J, white arrowheads) is down-regulated anteriorly. (K, L) At 36 hpf, sox10
mRNA is reduced in pax3morphants in the ventral head region destined to form enteric neurons (arrows) but is still detected in otic placode and glia (arrowheads). (M–P) Pax3MO
injection depletes enteric neurons (arrows) revealed by immunodetection in anterior (M, O) or posterior (N, P) gut.
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Although many mutants with reduced xanthophore pigmentation
exist, little is known about the genetic hierarchies that control xan-
thophore speciﬁcation. Zebraﬁsh sox10 mutants have reduced non-
ectomesenchymal NC, including xanthophores (Dutton et al., 2001;
Kelsh and Eisen, 2000). However, xanthophores initially differentiate,
but then die in sox10 null mutants, indicating that xanthophores are
partially speciﬁed (Dutton et al., 2001). PAX3 and SOX10 can cooperate
to drive downstream NC gene expression in some situations (Bon-
durand et al., 2000; Potterf et al., 2000). It seems likely that Pax3 and
Sox10 also cooperate in zebraﬁsh chromatophore development.
Severe csf1r mutant alleles lack most trunk xanthophores, but a
subset of head xanthophores form, just as in pax3 morphants (Ma-
derspacher and Nüsslein-Volhard, 2003; Odenthal et al., 1996). De-
tailed analysis of other csf1r mutant alleles demonstrated that xan-
thophores are speciﬁed, but fail to migrate, leading to reduced yellow
pigmentation (Parichy et al., 2000). Our data demonstrates that Pax3
functions upstream of Csf1r, because it is not expressed in pax3 mor-
phants. Therefore, this study establishes Pax3 as the ﬁrst identiﬁed
xanthophore speciﬁcation factor.
Residual xanthoblasts are present, contain Pax7 protein and lead
to xanthophore pigmentation in head regions of pax3morphants. We
cannot exclude the possibility that incomplete knockdown of Pax3
protein or the expression of pax3b accounts for xanthophore form-
ation in this location. However, csf1r appears to be more completely
down-regulated than pax7 or xdh in head NC cells of pax3morphants.
As two distinct populations of xanthophores have been described in
adult zebraﬁsh (Mellgren and Johnson, 2006), our data raise the
possibility that the residual xanthophores of the head constitute a
distinct population, ones that require little or no pax3 and csf1r
activity.
Pax7 as a xanthophore lineage marker
Our data show that pax7 is expressed in xanthoblasts, marked by
xdh, and not in melanoblasts, which accumulate dct mRNA and me-
lanin. However, it is not clear which, if any, NC cell types in addition to
xanthophores express pax7. A recent report has suggested that Pax7
protein is present in fully differentiated melanophores and, based on
Pax7+ nuclei located on the yolk extension and in close proximity to
the eye, that Pax7 is also present in iridophore precursors (Lacosta
et al., 2007). We have not observed melanised cells containing Pax7
and we see xanthophores in the proposed iridophore yolk and eye
locations by methylene blue staining (data not shown). Furthermore,
we have not noted NC phenotypes in cells other than xanthophores in
pax7 morphants. Our study unequivocally shows that Pax7 is in the
xanthophore lineage. However, in our view, whether Pax7 accumu-
lates or functions in other NC cell types or at other times in deve-
lopment requires further critical study.
We ﬁnd that gch mRNA is primarily expressed in xanthophores in
24 hpf trunk, having a similar distribution to xdh and pax7 mRNAs,
markers of the xanthophore lineage. At later stages, gch expression is
observed in melanophores, as well as xanthoblasts (Parichy et al.,
2000; Pelletier et al., 2001; Ziegler, 2003). However, the melanophore
markersmitfa and dct are expressed more ventrally than gch and Pax7
in migrating trunk NC cells at around 24 hpf. Moreover, pax3 mor-
phants essentially lack gch, xdh and pax7 expression in the trunk,
whereas dct and mitfa are still expressed dorsally. Although we can
not eliminate the possibility that delayed maturation of dct-expres-
sing melanoblasts (see below) contributes to gch mRNA absence, our
ﬁndings suggest that gch primarily marks the xanthophore lineage
early, before accumulating in melanoblasts.
Pax7 accumulates in pre-migratory xanthophores at 20 s, shortly
after gch, xdh andmitfamRNAs and in parallel with csf1rmRNA.Mitfa
expression is also detected ventrolateral to the ﬁrst Pax7/gch/xdh/
csf1r-expressing cells in anterior trunk NC at this stage, suggestingthat melanoblasts also expressmitfa and commencemigration slightly
before xanthoblasts.
Pax7 and xanthophore development
We show that xdh, and possibly gch and mitfa, are expressed
before Pax7 in the xanthophore lineage, thereby demonstrating that
xanthophores are speciﬁed before Pax7 is present. Thus, Pax7 has a
fundamentally different role to Pax3 within the xanthophore lineage,
and acts later. Indeed, MO-driven reduction in Pax7 correlates with
late differentiation defects in xanthophores; involving reduced pig-
mentation and altered pterinosome disposition. The failure to disperse
pterinosomes correctly is likely to contribute to the reduced yellow
colouration, as previously described for other xanthophore mutants
(Odenthal et al., 1996). Xanthoblasts are present and able to migrate
after reduction of Pax7, consistent with retention of xdh and csf1r
expression in pax7 morphants.
Our pax7morphants retain low levels of Pax7 immunoreactivity in
migrating NC cells. It is probable that the duplicate zebraﬁsh pax7b
gene, which is also expressed in laterally migrating NC and is un-
affected in pax7 morphants, functions in the xanthophore lineage. As
Pax7 is 94% identical to Pax7b, the Pax7 antibody may detect both
Pax7 and Pax7b (Minchin and Hughes, unpublished observation;
Kawakami et al., 1997). Indeed, Pax7 immunoreactivity is retained in
NC cells even after injection of high doses of pax7 MO that ablate all
detectable signal from somite cells, which only express pax7. Support
for this view derives from the observations that pax7 mRNA declines
in wild type xanthoblasts at 48 hpf, yet Pax7 immunoreactivity per-
sists (Lacosta et al., 2007 and our unpublished observations). All
teleost ﬁsh genomes analysed had evidence of two pax7 genes,
suggesting that pax7 was duplicated along with the teleost genome
and the duplicate genes retained. The existence of additional partial
duplicate sequences in O. latipes, T. nigroviridis and T. rubripes conﬁrm
that two clades of teleost pax7 genes exist (unpublished observation).
The presence of Pax7bmay account for themild xanthophore defect in
pax7morphants. Until null mutations provide a deﬁnitive analysis, our
tentative conclusion is that Pax7 is dispensable for xanthophore fate
speciﬁcation, but necessary for normal xanthophore terminal
differentiation.
Pax3 and melanophore development
Pax3 has been shown to have an evolutionarily conserved role in
melanocyte development from ascidians to mammals (Lang et al.,
2005; Tremblay and Gruss,1994; Yajima et al., 2003). Our data indicate
that, in zebraﬁsh, Pax3 also has a role in melanophore development.
Initially, pax3 morphants exhibit a reduced number of migrating
melanoblasts, that express dct, during early melanogenesis. Although
this early reduction in melanoblasts could reﬂect loss of a sub-po-
pulation of embryonic melanophores, a more likely possibility is that
it reﬂects a delay in melanophore development. More dct and mitfa
mRNA is detected in un-migrated NC cells in pax3 morphants. By
48 hpf, melanophore migration is recovering in pax3morphant zebra-
ﬁsh and melanophores appear more abundant. Subsequently, mela-
nophore numbers are increased, particularly in the dorsal stripe.
The early reduction in melanoblast maturation and migration in
zebraﬁsh lacking Pax3 is reminiscent of the Splotch (Sp; Pax3 mutant)
mouse, in which reduced numbers of melanoblasts form and migrate,
despite deﬁcient melanoblast expansion (Hornyak et al., 2001). In
mice, it is unclear if melanocytes would be permanently reduced, as
the Sp/Sp null phenotype is lethal at E14 (Tremblay and Gruss, 1994).
However, heterozygous Sp/+ mutants have melanocyte migration
defects and humans with Waardenburg syndrome type I, a dominant
PAX3 loss of function mutation, also have pigmentation alterations. In
neither case is it clear if melanocyte number is reduced or if mela-
nocyte distribution is simply altered (Tassabehji et al., 1992; reviewed
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for timely melanoblast development in mouse and zebraﬁsh.
The migration failure of melanophores prior to 48 hpf could reﬂect
either a cell autonomous requirement for Pax3 in early NC cells, or an
environmental effect on NC migration. Pax3 is expressed in the deve-
loping somitic dermomyotome in both zebraﬁsh and mice (Goulding
et al., 1991; Hammond et al., 2007). The dermomyotome serves a
substratum over which laterally-migrating trunk NC moves, and a
recent study has highlighted the importance of this somitic region in
melanophore patterning mediated by sdf1a (Svetic et al., 2007). There
remains considerable debate on the cell autonomy in Pax3 NC phe-
notypes (Chan et al., 2004; Li et al., 1999; Mansouri et al., 2001). The
ease of cell transplantation in zebraﬁsh should permit the precise role
of Pax3 in NC lineages to be determined.
Pax3 and a chromatoblast stem cell
At least two models could account for the correlated loss of xan-
thophores and increase in melanophores in pax3 morphants: xan-
thophore–melanophore interaction or a fate switch in a common
chromatophore precursor. Although xanthophores interact with
melanophores in adult patterning, we do not favour this model
because, in contrast to the pax3 morphant phenotype, xanthophore
loss causes a reduction of melanophores (Maderspacher and Nüsslein-
Volhard, 2003; Parichy et al., 2000; Parichy and Turner, 2003). As NC
lineages are speciﬁed through progressive fate restriction (Le Douarin
et al., 2004),weprefer a cell autonomousmodel inwhich Pax3 controls
xanthophore fate choice within a common chromatoblast precursor.
A common chromatophore precursor or stem cell has been postu-
lated (Bagnara et al., 1979). A dorsal location for such stem cells is
suggested by better melanophore regeneration in dorsal regions (Yang
and Johnson, 2006). The co-expression of melanoblast and xantho-
blast markers such as mitfa with csf1r, xdh and, as we show, Pax7 in a
sub-population of dorsal chromatophore precursors is consistent with
this idea (Parichy et al., 2000; Parichy and Turner, 2003). As pax3 is
expressed in NC precursors, we hypothesise that Pax3 drives
xanthophore choice in a common chromatoblast stem cell. Reduction
of Pax3, and loss of the xanthophore lineage, results in defective fate
choice within this precursor leading to more abundant melanophores.
Zebraﬁsh have three chromatophore lineages (reviewed in Lister,
2002) and these seem to form a developmental hierarchy: xantho-
phore, melanophore and iridophore. Althoughmelanophores undergo
terminal differentiation before xanthophores, pax3, a xanthophore
speciﬁcation gene, is expressed prior to mitfa, the earliest known
melanophore speciﬁcation factor. Iridophores differentiate much later
and have no molecularly identiﬁed speciﬁcation genes. If Pax3 is
functioning within a multipotent chromatoblast precursor to speciﬁc
xanthophores, why do pax3 morphants show an increase in mela-
nophores but not iridophores? Mitfa mutants fail to specify melano-
phores and have an increase in iridophores together with a partial loss
of xanthophores (Lister et al., 1999). As some xanthoblasts express
mitfa, we speculate that Mitfa inhibits iridophore fate, whereas Pax3
inhibits melanophore fate, even in the presence of Mitfa. Interestingly,
a similar hierarchy is apparent in adult chromatophore patterning, in
which xanthophores regulate melanophore pattern and melano-
phores are required for proper iridophore disposition (Johnson et al.,
1995; Parichy et al., 2000; Parichy and Turner, 2003).
A mechanism by which Pax3 could function to repress melano-
phore fate in a chromatoblast stem cell is suggested by studies
showing that murine Pax3 represses melanocyte terminal differentia-
tion by competition with Mitf on a Dct enhancer (Lang et al., 2005). A
similar action of zebraﬁsh Pax3 might contribute to melanophore
increase in pax3 morphants by allowing Mitfa to drive dct (and pos-
sibly other target gene) expression in more cells than normal, thereby
forcing a common precursor away from a xanthoblast fate and to-
wards a melanoblast. It should be noted that such a view would notexclude Pax3 having other functions within NC, for example pro-
moting rapid melanophore differentiation.
Pax3 is required for enteric nervous system development in zebraﬁsh
Pax3 morphants lack enteric neurons, similar to the situation in
Splotch mice (Lang et al., 2000). In the mouse, Pax3 acts with Sox10
to enhance c-Ret expression (Lang and Epstein, 2003). Either SOX10 or
c-RET mutation can cause Hirschsprung disease, but no PAX3
involvement has yet been described (OMIM #142623). Interestingly,
although sox10 expression in pre-migratory and early migrating NC
cells is normal in pax3 morphants, sox10 mRNA is diminished in later
migrating cells. Lack of Sox10 would account for failure of enteric
neurogenesis (Elworthy et al., 2005). Alternatively, lack of speciﬁca-
tion of enteric neuronal precursors prior to ventral migration could
account for the reduction of sox10 mRNA at later stages. Indeed, DRG
and sympathetic neuronal precursors migrate from the dorsal region
early (Raible and Eisen, 1994, 1996), and these cell types appear
normal in pax3 morphants. Perhaps Pax3 acts to select enteric neu-
ronal precursors from a sox10+ population in an analogous way to its
selection of xanthoblasts. In any case, our ﬁndings promote zebraﬁsh
as a useful model for investigating the potential role of Pax3 in Hir-
schsprung disease.
Evolutionary change in roles of Pax3/7 gene family
The single pax3/7 genes in Amphioxus and tunicates are expressed
at the dorsal neurectodermal border, suggesting an ancient role in NC
patterning (Holland et al., 1999; Sauka-Spengler et al., 2007; Wada
et al., 1997). Our data indicate that although it is expressed early, Pax3
is less important in NC speciﬁcation in zebraﬁsh than in other ver-
tebrates (Monsoro-Burq et al., 2005; Sato et al., 2005; Sauka-Spengler
et al., 2007; Tremblay and Gruss, 1994). Meulemans and Bronner-
Fraser (2004) have suggested that Pax3/7 genes have a conserved
function high in the hierarchy of NC speciﬁcation. In chicken, evo-
lutionary change appears to have allowed Pax7 to fulﬁl the major NC
speciﬁcation role (Basch et al., 2006). As zebraﬁsh pax7 and pax7b
expression in NC appears late and in xanthoblasts, and Pax7+ NC is
greatly reduced in pax3 morphants, pax7 genes are unlikely to rescue
other NC lineageswhen Pax3 is absent. Another possible reason for the
presence of most NC lineages in pax3morphants is the duplication in
teleosts of the pax3 gene (Lewis, 2005). Phylogenetic analysis of Pax3
proteins showed that a broad range of teleost ﬁsh have two pax3
genes, forming the pax3 and pax3b sub-groups. Pax3b is expressed in
similar regions to pax3, but expression initiates at later stages and
lower levels in trunk neurectoderm. Our use of an antibody that
recognises Pax3/7 proteins across the metazoa (Davis et al., 2005),
shows that pax3 morphants lack Pax3/7 immunoreactivity in NC at
early stages. This suggests that other Pax3/7 family members are
unlikely to support expression of early NC markers such as sox10 and
foxd3 in zebraﬁsh. Nevertheless, the early expression of pax3 in mice,
Xenopus and teleost ﬁsh and their requirement for at least some NC
lineages suggests that pax3 was an ancestral NC cell fate speciﬁcation
gene following the whole genome duplications that accompanied
vertebrate evolution.
What is the signiﬁcance of the apparent differences in the role of
Pax3 in NC between vertebrate species? Mice lacking Pax3 have
drastic reductions in melanocytes prior to their death, whereas pax3
morphant ﬁsh, although they have reductions in early melanoblast
markers, eventually have more melanophores. It seems Pax3 is more
essential for driving melanophore differentiation in mammals, perhaps
reﬂecting a more prominent role in promoting early melanoblast
differentiation. But an alternative possibility relates to the loss of
xanthophores in amniotes. Xanthophores are found in both ﬁsh and
amphibians; therefore parsimony suggests that amniote ancestors
possessed xanthophores (reviewed in Kelsh, 2004; Silver et al., 2006). It
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amniote evolution, but evolved into a ‘new’ kind of melanoblast; one
that required Pax3 function. If this were the case, mice lacking Pax3
would lose ‘new’ but retain ‘ancestral’ melanocytes, leading to the
observed phenotype of melanocyte reduction (Hornyak et al., 2001).
Teleost pigment patterns have roles in sexual selection and predator
avoidance, and are therefore strongly selected for in evolution; close
relatives of zebraﬁsh exhibit a spectacularly diverse array of pigment
patterns (reviewed in Parichy, 2006). The xanthophore lineage has been
shown to have an important role governing adult melanophore
patterning within closely related Danio species (Parichy et al., 2000;
Parichy and Turner, 2003). Therefore, change in regulation or action of
pax3 is a strongmolecular candidate for adaptation during the evolution
of pigment pattern in the xanthophore lineage and beyond.
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